Abstract-A steady-state model of a strained MQW-SOA is described. Least-squares fitting of the model to experimental polarization resolved amplified spontaneous emission spectra is used to obtain difficult to measure model parameters such as the linebroadening lineshape parameters, Auger recombination, bandgap shrinkage, and intervalence band absorption coefficients. Well capture and escape processes are modeled by a carrier density dependent net escape time which accounts for barrier effects. Simulations and comparisons with experimental data are given which demonstrate the accuracy and versatility of the model. Index Terms-Modeling, quantum wells, semiconductor optical amplifier.
I. INTRODUCTION
T HE rapid expansion of optical networks requires the availability of small, inexpensive and easy to integrate optical amplifiers. InP-based semiconductor optical amplifiers (SOAs) with InGaAsP/InGaAsP multi-quantum-well (MQW) active regions are good candidates for 10 Gb/s coarse WDM communications. These devices should provide a wide optical bandwidth and be polarization insensitive. InGaAsP quaternary multi-QWs have already been investigated for SOA applications. Polarization insensitive operation can be obtained by stacking tensile and compressive QWs in the active layer [1] . Compressive-strained QWs have predominantly TE gain, while tensile-strained QWs have predominantly TM gain. In [2] it was shown that active material gain coefficient polarization independence (<1 dB TE/TM gain coefficient difference) can be achieved along with a wide optical bandwidth, by using one-width MQWs. The measured amplified emission spectrum however had relatively high polarization sensitivity. It is necessary to develop a device model that can be used to aid in its optimization especially with regard to improving polarization sensitivity. In this paper we describe such a steady-state model, which uses full bandstructure calculations to obtain the TE, TM gain coefficients and spontaneous Manuscript received July 13, 2015 recombination rate. The amplified signal and Amplified Spontaneous Emission (ASE) are described by travelling-wave equations that are solved along with a carrier density rate equation. Unknown model parameters are obtained by using least-squares fitting of the model to the measured output ASE spectra for a range of bias currents.
II. SOA GEOMETRY, BANDSTRUCTURE AND MATERIAL GAIN
The investigated SOA active region consists of three 14 nm thick In 0.53 Ga 0.47 As 0.96 P 0.04 QWs with 15 nm In 0.8 Ga 0.2 As 0.45 P 0.55 barriers made of Q1.17 material as is the 100 nm wide separate confinement heterostructure layer, as described in [2] . The conduction band, valence band heavy hole and light hole offsets for these alloys are 113, 159 and 173 meV respectively. Carrier overflow towards the barrier is taken into account but probably underestimated as our calculations were made for 300 K operation. Drift and diffusion transport effects are not considered in the model.
The SOA length L and active stripe width W are 2 mm and 1.75 μm respectively. The QW bandstructure, shown in Fig. 1 , was calculated by solving the Lüttinger-Kohn Hamiltonian, including tetragonal strain, confinement effects and taking into account the interfacial discontinuity condition [3] - [6] . According to the barrier height, two conduction and nine valence energy bands are confined to the QWs.
The active region bandgap, including carrier shrinkage due to the well carrier density n, is given by
where E g 0 = 806 meV. The bandgap shrinkage coefficient K g is considered to be a fitting parameter. The energy E dependent spontaneous emission rate r sp and material gain g m per well are given by [7] , [8] ,
m 0 is the electron mass, ε 0 the permittivity of free-space, k ⊥ the momentum, M TE/TM ij (k ⊥ ) the matrix elements, E i and E j the ith and jth conduction and valence bands respectively, E ij the associated transition energies, f c and f v the conduction band and valence band Fermi-Dirac functions respectively, ΔE F the quasi-Fermi level difference, L w the well width, n r the material refractive index, k B the Boltzmann constant. The temperature T is taken to be 300 K. r sp can be written as
g sp has the same dimensions as the material gain. The choice of lineshape function has a critical impact on the shape of the material gain spectrum. L(E) is a broadening function used to account for intraband relaxation and other broadening effects. A common choice of lineshape is a Lorentzian; however in reality the actual lineshape is asymmetric, with a sharper tail on the high energy side of its peak. We use an asymmetric Lorentzian lineshape [9] ,
E int is the Lorentzian Full Width at Half Maximum (FWHM) when the asymmetry energy parameter E asy is infinite, in which case (7) is a symmetrical Lorentzian. Negative values of E asy skew the lineshape toward higher energies while positive values skew it toward lower energies. K is a normalization constant such that the integral of L(E) overall energies is equal to 1. This lineshape function is a good analytical approximation to that obtained from detailed theoretical calculations for quantumwells where the principle linebroadening mechanisms are holehole, electron-hole and longitudinal optical phonon scattering [10] . The determination of the exact broadening profile requires the many-body treatment for electron-hole plasma which is out of the scope of this study. The form of the lineshape is shown in Fig. 2 using the model extracted parameters. The conduction band quasi-Fermi level E fc is obtained by numerically solving the charge neutrality equation
(8) where a = 0.586 nm is the lattice constant. A similar equation is used to determine the valence band quasi-Fermi level, where it is assumed that the hole and electron densities are equal. The dependency of the quasi-Fermi levels on carrier density are shown in Fig. 3 . Typical spectral plots of g m and g sp are shown in Fig. 4 , for TE and TM transition modes, calculated at different injection carrier densities.
The net gain coefficient is modeled by
Γ TE/TM is the polarization dependent optical confinement factor per well. The TE and TM confinement factors per well are 1.97% and 1.42% respectively calculated using the Fimmwave mode solver. N w is the number of QWs. The polarization dependent loss coefficient is modeled as where α 0 is the intrinsic material and α 1,TE/TM the polarization dependent InterValence Band Absorption (IVBA) loss coefficients [12] , [13] . These are also treated as fitting parameters.
III. MODEL AND EXPERIMENT
For a given carrier density spatial distribution in the SOA the signal photon rate N s at a distance z from the SOA input is given by
where g s is the net gain coefficient at the signal energy E s and polarization and P in is the input optical power. The forward and backward travelling ASE photon rates N ± TE/TM,k in the kth spectral slice of energy width ΔE centered at energy E k are obtained from finite difference solutions to the traveling-wave equations [11] ,
where g k is the net gain coefficient at E k . The polarization resolved output ASE power at wavelength λ k (corresponding to E k ) in a wavelength resolution bandwidth Δλ res is given by
The well carrier density n rate equation, assuming no spontaneous carrier recombination in the barrier regions and ignoring diffusion effects, is given by
The first term on the right hand side of (14) is the electrical pumping due to the bias current I assuming that all the injected carriers enter the QWs and that there is negligible radiative recombination in the barrier regions. The recombination rate R(n) is modeled as
The net carrier escape/capture processes from and to the QWs are modeled by the first term in R(n), in which the net escape time τ esc from each QW is assumed to depend on the carrier density as,
where n 0 is the carrier density for which the quasi-Fermi level of the confined electrons equals the barrier height and p is an abruptness parameter that determines how quickly the escape time decreases from its low carrier density value τ esc0 [14] . These parameters are considered to be fitting parameters. The Auger recombination coefficient C is also considered to be a fitting parameter. The total spontaneous radiative recombination rate per well R rad is calculated as
The carrier density dependence of R rad on carrier density is shown in Fig. 5 . R rad is often assumed to be a bimolecular recombination process approximated by R rad ≈ Bn 2 , where B is the bimolecular recombination coefficient; however as Fig. 5 shows, this is not particularly accurate for this device.
The SOA model equations cannot be solved analytically, so a numerical solution is required. The algorithm used is essentially similar to that described in [11] - [15] . The SOA is split into 128 spatial sections and the ASE into 1024 spectral slices covering a range of 1250 to 1650 nm. Initially the carrier density in the amplifier is set to some reasonable value (2 × 10 24 m −3 ). The signal intensity and ASE photon rates are then estimated at the section interfaces using finite difference solutions to (10) and (11). The carrier density is then estimated at the center of each section (using (14) with the time derivative set to zero), which is then used to update the material gain and spontaneous emission coefficients and subsequently the signal and ASE. This process is continued until the values of the ASE photon rates converge to a tolerance of less than 0.1%. The unknown model parameters were obtained using Levenberg-Marquardt leastsquares fitting of the output ASE spectra to model predictions for bias currents of 100, 200, 300 and 400 mA as shown in Fig. 6 . The extracted parameters are shown in Table I . The RMS error between experiment and simulations for TE and TM ASE spectra is 1.9 and 1.2 dB respectively. The match between the model and simulation is good for the TM spectra, but somewhat less so for TE. IVBA increases with energy so including this dependency could possibly improve the matching; however this would involve more fitting parameters [12] . However the general trend of the ASE spectra as a function of bias current is confirmed by the model as is the wide optical bandwidth.
The output polarization dependent ASE spectral density (W/Hz) at E k is given by
The polarization dependent noise figure spectrum is calculated using [16] ,
where G TE/TM,k is the TE or TM signal gain spectrum. The bias current dependency of the TE small-signal gain and noise figure at 1.46 μm are shown in Fig. 7 , showing good agreement with experiment. It is challenging to obtain good matching between experiment and simulation over a wide range of currents and wavelength. This is because QW bandstructure and material gain calculations are more complicated than for bulk material as there are comparatively many more unknown or difficult to measure model parameters. Furthermore, it is also challenging to predict the mutual interaction of the different order confined energy levels, which clearly appear in the lower wavelength region as the injected current is increased. The TE gain spectrum has clearly two peaks at 1.57 and 1.46 μm, corresponding to three different transitions. The low energy peak at 1.55 μm is due to the transitions between the first confined electron level and both first heavy and light hole states, which, given the QW width and the low strain value, are almost degenerated. The higher energy peak at 1.46 μm is due to the transition between the second confined electron level and the second heavy hole level.
The model can be used to determine the SOA carrier density and photon density distributions and the principle carrier recombination mechanisms. When the input signal power is (13) to the overall carrier density depletion and the spatially independent carrier density. negligible, simulations show that the carrier depletion due to the signal and ASE is very small and consequently the well carrier density has almost no spatial dependence. The bias current dependency of the spatially independent carrier density and the contributions of the various terms in (15) normalized to the pump term I/(eN w L w W L), to (14) are shown in Fig. 8 . For bias currents greater than 150 mA, where the peak gain exceeds 0 dB, the principle recombination processes are Auger and carrier escape/capture processes, the latter becoming increasing prominent at high bias currents as the carrier density approaches n 0 , indicating the importance of barrier effects. The spatial dependency of the ASE is shown in Fig. 9 for low and high values of the bias current, showing the expected symmetry. At low bias currents, where the peak gain is less than 0 dB, the total ASE is a maximum at the center of the SOA, whereas at bias currents where the peak gain is greater than 0 dB the total ASE attains its maximum value at both ends.
It is also of interest to model the SOA saturation characteristics. Simulated TE gain, signal power and ASE power versus input power characteristics are shown in Fig. 10 . Carrier density distributions are shown in Fig. 11 for a bias current of 400 mA, which corresponds to an unsaturated TE gain of 19 dB at 1.46 μm. It can be clearly seen that as the input signal power increases the carrier density distribution becomes more asymmetrical due to the increasing dominance of the forward propagating signal. Fig. 12(a) shows the spatial distributions of the signal and ASE photon rates for an input TE signal power of −10 dBm corresponding to a low degree of saturation. The spatial dependency of the carrier density and the contributions of the various terms on the Right Hand Side (RHS) of (14) normalized to the pump term I/(eN w L w W L), are shown in Fig. 12(b) . The carrier density is relatively uniform. As the (14) to the overall carrier density depletion. The bias current, TE polarized signal wavelength and power are 400 mA, 1.46 μm and -10 dBm respectively. signal becomes amplified as it propagates through the SOA, its contribution to carrier depletion increases mainly at the expense of the net escape/capture processes; the Auger contribution is not significantly affected. Fig. 13(a) shows the spatial distributions of the signal and ASE photon rates for an input TE signal power of 5 dBm corresponding to a high degree of saturation (the gain has reduced to 10.5 from 19 dB) and the signal power greatly exceeds the ASE. As can be seen in Fig. 13(b) the carrier density distribution becomes asymmetric and the amplified signal becomes the dominant recombination process especially near the SOA output. Escape/capture processes could probably be reduced by using higher band gap energy barrier materials such as Fig. 13 . Spatial dependency of (a) signal and ASE photon rates and (b) relative contribution of the depletion terms on the RHS of (14) to the overall carrier density depletion. The bias current, TE polarized signal wavelength and power are 400 mA, 1.46 μm and 5 dBm respectively.
In 0.906 Ga 0.094 As 0.207 P 0.793 to ensure efficient carrier confinement in the quantum-wells [2] .
There are very few studies in the literature that model MQW-SOA steady-state characteristics spanning detailed wideband calculations of the material gain, additive spontaneous emission and recombination and use this information in accurate traveling-wave equations for the amplified signal and ASE that are solved along with a carrier density rate equation, from which the optical power and inhomogeneous carrier density spatial distributions can be predicted. Prediction of the latter is of particular importance in SOAs [17] . The model does not include the effects of Auger related carrier heating, which can impact on the shape of the ASE spectra particularly at high carrier densities [18] . In including carrier heating effects should lead to improved model accuracy. The device temperature might be higher than that assumed in our model and the carrier temperature is probably higher than the lattice temperature. This explains qualitatively why the experimental ASE drops faster than the theoretical one in the high energy range.
IV. CONCLUSION
A wideband steady-state model of a strained MQW-SOA has been described, which uses an asymmetric broadening function in the material gain and additive spontaneous emission calculations. Doing so, we obtain good agreement with experimental polarization resolved ASE spectra. The model and parameter extraction leads to the estimation of meaningful model parameters that characterize difficult to model processes including intraband gain broadening, bandgap shrinkage, Auger recombination, carrier escape/capture and IVBA. Dominant recombination mechanisms for low input signal power are linked to Auger recombination as well as net escape/capture processes; the latter is particularly important when high carrier densities are present due to poor carrier confinement effects. However this latter could be improved by using higher barrier materials. At high input signal powers the carrier depletion induced by the amplified signal becomes important and primarily competes with Auger and escape/capture processes.
